SUMMARY Alterations in sodium countertransport and cotransport have been reported in red cells of patients with essential hypertension. We have investigated the relationship between these two systems by performing simultaneous measurements of the maximal rates of lithium-sodium (Li,-Na 0 ) countertransport and outward sodium-potassium (Na-K) cotransport in red cells from normotensive and hypertensive subjects. Lii-Nao countertransport was assayed by measuring the Na o -stimulated Li efflux from cells loaded to contain 10 mmoles Li per liter of cells by incubation in isotonic LiCI. Na-K cotransport was assayed by measuring the furosemide-sensitive component of Na and K efflux into magnesium-sucrose medium from cells loaded by the p-chloromercuribenzene sulfonic acid (PCMBS) procedure to obtain 50 mmoles of both ions per liter of cells. The mean values (± SE) for 16 normotensives and 22 hypertensives were (mmole/liter cells x hour): Na countertransport = 0.29 ± 0.02 vs 0.51 ± 0.03 (p < 0.001); Na cotransport = 0.30 ± 0.03 vs 0.51 ± 0.05 (p < 0.005); and K cotransport = 0.34 ± 0.03 vs 0.60 ± 0.04 (p < 0.005). Li,-Na 0 countertransport correlated significantly with Na cotransport (r = 0.50, n = 38, p < 0.005) and K cotransport (r = 0.57, p < 0.005). This observation suggests that both transport systems are somehow regulated to be more active in this group of hypertensive patients. The increased cotransport in hypertensive patients is also apparent from two other measurements of Na and K fluxes in red cells suspended in Na medium. First, the furosemide-sensitive net Na efflux into Na medium was (mean ± SE) 0.25 ± 0.05 in 10 normotensive subjects and 0.50 ± 0.09 in 12 hypertensive patients. Second, the furosemide-sensitive net K efflux into Na medium was (mean ± SE) 0.25 ± 0.04 in 13 normotensive subjects and 0.43 ± 0.04 in 16 hypertensive patients (p < 0.005). We conclude that mean values for both Na countertransport and Na-K cotransport are significantly higher in the group of hypertensives than in the group of normal control subjects. (Hypertension 4: 795-804, 1982) KEY WORDS • cotransport • countertransport • hypertension T WO types of ouabain-resistant sodium (Na) transport, Na countertransport, and cotransport have been reported to be altered in the red cells of patients with essential hypertension.'"* The maximum rate of lithium-sodium (Li,-Na o ) countertransport is increased in the red cells of some patients with established essential hypertension, but not in patients with secondary hypertension.
T WO types of ouabain-resistant sodium (Na) transport, Na countertransport, and cotransport have been reported to be altered in the red cells of patients with essential hypertension.'"* The maximum rate of lithium-sodium (Li,-Na o ) countertransport is increased in the red cells of some patients with established essential hypertension, but not in patients with secondary hypertension. 2 Countertransport was also found elevated in red cells from the firstdegree relatives of patients with essential hyperten- 
Materials and Methods
We studied three groups of subjects, all of whom were Caucasian. The control group was composed of 16 normotensive subjects (nine women and seven men) with a diastolic blood pressure under 90 mm Hg and no personal or family history of hypertension. They ate a normal diet with salt ad libitum and were medically normal at the time of the study. A second group of normotensive subjects (two women and six men) had a family history of hypertension.
Twenty-two established essential hypertensive patients (nine women and 13 men) had no evidence of renal or heart failure or severe retinopathy. The duration of known hypertension ranged from 2 months to 10 years. Five hypertensive patients were not on treatment and two were studied after a 48-hour interruption of treatment; 15 patients were receiving one or another of the following drugs when the blood was sampled: chlorthalidone, propranolol, hydrochlorothiazide, methoprolol, Dyazide R, nadolol, and Aldactazide R.
Preparation of Red Cells
Blood was drawn from donors into heparin vacuum tubes and processed within 1-2 hours. Plasma and buffy coat were removed by centrifugation for 10 minutes at 6000 X g at 4°C in a Sorvall RC-6B centrifuge (Dupont-Sorvall Instruments, Newtown, Connecticut). We separated 2 ml of cells for lithium loading, and washed the remainder 4 times with a washing solution (WS) containing (mM): 75 MgCl,, 95 sucrose, 10 Tris-MOPS, pH 7.4 at 4°C. Then 2 ml of packed red cells was separated into two tubes for pchloromercuribenzene sulfonic acid (PCMBS) loading; and the rest of the pellet was washed twice and suspended at approximately 50% hematocrit in WS. To measure dry weight in triplicate, as previously described, 2 100 (j.\ of packed red cells were used. The hemoglobin per liter and the cation composition of the initial cell suspension were determined by analyzing a 1/50 dilution in 0.02% Acationox.
Measurements of the Maximal Activation of Outward Sodium-Potassium Cotransport

PCMBS Loading Procedure
Two ml of washed red cells were suspended (4% hematocrit) in a solution containing (mM): 120 NaCl, 30 KC1, 1 MgCL,, 2.5 Na, phosphate buffer (pH 7.2 at 4°C), 1 Tris-EGTA, and 0.02 freshly-prepared PCMBS. The cells were incubated in the cold for 20 hours with mild agitation and a change in loading solution after 6 hours. The cells were collected by centrifugation at 6000 x g for 10 minutes, and the supernatant fluid was removed. Failure to remove all of the loading solution impaired the recovery of normal cell permeability.
Sealing Step
The cells were resealed by incubation (1 hour at 37°C) in a recovery medium containing (mM): 2 adenine, 3 inosine, 4 cysteine, 10 glucose, 2.5 Na-PO 4 buffer (pH 7.2 at 37°C), 5 K.C1, 145 NaCl, and 1 Tris-EGTA. Afterward, the cells were collected and washed 6 times with another washing solution (WSO) containing (mM): 75 MgCl,, 95 sucrose, 10 Tris-MOPS (pH 7.4 at 4°C), and 0.1 ouabain. A cell suspension in WSO (approximately 50% hematocrit) was prepared for efflux measurements and determinations of cation and hemoglobin contents. The Na and K. concentrations of the suspension medium was less than 5
Cation Efflux Measurement
Furosemide-sensitive Na and K effluxes were measured into Na-free and K-free Mg medium containing (mM): 75 MgCl 2 , 85 sucrose, 10 Tris-MOPS (pH 7.4 at 37°C), 10 glucose, and 0.1 ouabain. Furosemide (20 mM) was freshly prepared by titration to pH 7.4 with Tris base and added to the Mg medium to a final concentration of 1 mM. Washed cells suspended at 50% hematocrit were diluted with the cold medium to a final hematocrit of 4-5%. Triplicate tubes containing 2.0 ml of the flux suspension were incubated for 30, 60, and 90 minutes at 37°C. To stop the reaction, tubes were transferred to 4°C for 1 minute and then centrifuged for 5 minutes at 6000 x g. The supernatant fluids were transferred with plastic syringes into plastic tubes for cation content analysis.
Na and K concentrations were measured in a Perkin Elmer atomic absorption spectrophotometer (Model 5000) using standards of Na and K in water (10-200 £iM). The efflux was calculated from the slope of the line relating the external cation concentration with time in the nine samples. The slope and its standard deviation were converted into flux units of mmole/liter cells x hour using appropriate factors derived from the hemoglobin and measured hematocrit of the fresh and loaded cells. The furosemide-sensitive component was calculated from the difference between the cation fluxes in the presence and absence of the inhibitor. Flux measurements in the PCMBS-loaded cells were not made when the cells were swollen (i.e., when the water content of the loaded cells was more than 4% greater than the water content of cells prior to loading.)
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ing: 150LiCl, lOTris-MOPS (pH 7.4 at 37°C), and 10 glucose. Li was eliminated by 6 washes in WSO. A 50% cell suspension in WSO was used for measurements of hematocrit, hemoglobin (1/50 dilution), cation composition, and efflux measurements.
Efflux Measurements
Li efflux was measured in Mg and Na medium (4% to 5% hematocrit). Na medium contained (mM): 150 Na, 10 glucose, 10 Tris-MOPS (pH 7.4 at 37°C), and 0.1 ouabain. The 50% cell suspension was diluted in cold (4°C) Mg and Na media to make suspensions with a hematocrit of 4-5%. Keeping this ratio yields about 4 mM Mg in Na medium. These diluted cell suspensions were divided into triplicate tubes containing 2.0 ml flux media, which were then incubated for 30, 60, and 90 minutes at 37°C in a shaker bath. Subsequently, we followed the procedure above for Na-K cotransport.
The Li concentration in Mg medium was determined with standards containing 75 mM MgCl 2 . Li standards in water were used for Na medium since no interference was detected by our instrument. The Li standard was prepared by weighing dried LiCl (Mallinckrodt, Inc., St. Louis, Missouri) and checked with commercial standard (Alfa Division, Ventron Corporation, Danvers, Massachusetts).
Measurement of Net Cation Movement
Two ml of the PCMBS-loaded cells, prepared for measurements of outward cotransport as described above for sodium-potassium cotransport, were incubated at 4% to 5% hematocrit in Na medium in the presence and absence of furosemide. Quadruplicate samples were taken after 5 hours of incubation at 37°C. The cells were washed 3 times in WSO and lysed in appropriate volumes of Acationox (0.02%; Scientific Products Corporation, Bedford, Massachusetts) for hemoglobin and electrolyte measurements.
Reproducibility of the Transport Measurements
The experimental procedure used to determine LiNa countertransport was slightly modified. 2 The 50% cell suspension was added to cold medium, and the efflux was started by incubation at 37°C. In the former method, the cell suspension was added to prewarmed media. No differences were found between the two procedures. Table 1 gives the reproducibility of Li,-Na o countertransport, which has a coefficient of variation of 10%. Na-K cotransport has a larger variation in a given subject (table 2 ). An increase of 4% or higher in water content of the PCMBS-loaded cells was associated with low cotransport. Since we previously showed that a 4% increase in normal cell volume inhibits the Na-K cotransport, 10 we did not include in this report flux measurements for swollen cells.
All the solutions used in these experiments were adjusted to 300 ± 5 mOsM. Concentrations of MgCl 2 and sucrose stock solutions were calculated from the measured osmotic pressure and osmotic coefficient." Reproducibility of the cotransport measurements was improved by: 1) the addition of 1 mM EGTA to the loading and sealing solutions (suggested by Dr. R.P. Garay, Hopital Necker, Paris, France); 2) recovery of normal cell volume after PCMBS treatment; 3) control of osmotic pressure of the solutions; and 4) rigorously maintaining hematocrit of the efflux media between 4% and 5%. Table 3 shows the cation and water content of fresh and Li-loaded cells from normotensive and hypertensive subjects. There was no significant difference between the two groups in red cell ion and water content before and after Li loading. Table 4 shows mean values of Li,-Na 0 countertransport in red cells of normotensive and hypertensive subjects. The mean value of Li,-Na 0 countertransport of the hypertensives was significantly higher than that of normotensives. The normotensive group with a family history of hypertension showed no significant difference in the Na-stimulated Li efflux with respect to the control group. However, three of these subjects had values over 0.4 mmole/liter cells X hour. One essential hypertensive patient with elevated plasma renin activity had an elevated countertransport. This finding contrasts with our previous observation of normal countertransport in five patients with high renin levels.
Results
Lithium-Sodium Countertransport in Red Cells of Normotensive Subjects and Hypertensive Patients
3 Table 5 shows Li-Na countertransport and diastolic blood pressure of untreated and treated patients. These data indicate that Na-stimulated Li efflux is increased in both subgroups of hypertensive patients.
It has been suggested that hypokalemia produced by treatment with diuretics alters the rate of Li-Na countertransport in human red cells. 12 Accordingly, we report a few observations on the relationship between plasma potassium levels and Li,-Na o countertransport in these hypertensive patients. Of 11 treated hyperten- Table 6 shows the Na, K, and water content of red cells prepared for cotransport measurements from normotensive subjects and hypertensive patients. Kinetic studies on the red cells of five normotensive subjects have revealed that the maximal activation of outward cotransport is achieved at internal Na concentrations higher than 25 mmoles/liter cells." To ensure saturation of internal sites, cells were loaded to contain approximately (mmoles/liter cells) 50 Na and 60 K. Since Na-K cotransport is inhibited by cell swelling, 10 the water content of the red cells prior to efflux measurements was determined by measuring the percentage of dry weight. Table 6 shows that the red cells from normotensive subjects and hypertensive patients recovered normal volume after the PCMBS loading procedure. Table 7 summarizes values of the maximal velocity of furosemide-sensitive Na and K effluxes into Mg medium in the three groups of subjects described above. The outward cotransport of Na and K was significantly greater in the red cells of patients with essential hypertension than in the red cells of the control group without a family history of hypertension. The group of hypertensives includes untreated (n = 5) and treated (n = 17) patients. Table 5 summarizes the values of Na and K cotransport in treated and untreated hypertensive patients. These values were not significantly different in either group, suggesting, again, that both transport systems, Na-Li countertransport and Na-K cotransport, are not affected by chronic administration of /3-blockers or diuretics. The group of normotensives with a family history of hypertension also showed an increased cotransport.
In 11 of the treated patients, the Na, but not the K, cotransport correlated slightly with plasma potassium levels (r = 0.58, p < 0.05). The Na cotransport values of the two patients with hypokalemia (one with 3.4 and one with 2.9 mEq/liter) were 0.42 and 0.89. mmole/liter cell per hour, respectively. The elevated value of K cotransport in hypertensive patients was also observed when measuring the cation efflux into Na medium in the presence and absence of furosemide (table 8) .
Relationship Between Countertransport and Cotransport
Simultaneous measurements of the Li,-Na o countertransport and Na-K cotransport were performed in normotensive subjects and established essential hypertensive patients. Figure 1 shows a scatter diagram of the maximal rate of both transport systems in the two groups of subjects. As previously shown, 2 most patients with essential hypertension have a red cell maximum Li,-Na 0 countertransport above 0.4 mmole/liter cells X hour, while most normal subjects have values below this level. In contrast, the variation of Na and K cotransport was larger in our normotensive control group and, consequently, the overlap was greater. As seen in countertransport measurements, the mean value of cotransport was significantly higher (p < 0.0005) in the group of hypertensive patients. Figure 2 shows the relationship between Li-Na countertransport and Na cotransport (left) and K co- transport (right) in red cells of normotensive subjects and hypertensive patients. A significant correlation coefficient was found between the rate of Li,-Na 0 countertransport and Na-K cotransport (n = 38, r = 0.53, p < 0.0005).
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FIGURE 1. Scatter diagram of Li-Na countertransport, Na and K cotransport (mmole/liter cells X hour) performed simultaneously in red cells of normotensive subjects (O) and hypertensive patients (*).
Net Sodium Extrusion Against a Sodium Gradient in Red Cells of Normotensive and Hypertensive Subjects
The same Na-loaded cells shown in table 6 were used for measurements of net Na and K fluxes after 5 hours of incubation in K-free medium containing 150 mM Na. The initial Na concentration was 76 and 72 mmoles/kg of water inside the red cells from normotensives and hypertensives, respectively. Under this inward Na gradient, both types of cells gained Na (table 9). The outward K gradient did not promote uphill movement of Na in red cells of normotensive subjects or hypertensive patients. However, in the presence of furosemide, there was an increased net Na gain and a reduced net K loss. The net furosemidesensitive Na efflux was calculated as the difference in net Na flux in the presence and absence of furosemide. It can be seen that the mean value of the furosemidesensitive loss of Na is significantly greater in the red cells of hypertensive patients. For K, no significant difference was found. Figure 3 shows the relationship between initial rates of outward Na cotransport into Mg medium and net cation loss against a Na gradient measured simultaneously in 10 normotensive and 12 hypertensive sub- The minus sign indicates net cation loss from cells into 150 mM NaCl medium after 5 hours of incubation. Values are expressed as means standard error. Normotensives, n = 10; hypertensives, n = 12.
*p < 0.025. jects. A correlation coefficient of 0.869 (p < 0.0005) was obtained for Na fluxes in the red cells of hypertensive patients ( fig. 3) . Therefore, the increased furosemide-sensitive sodium extrusion in red cells from hypertensives is probably due to an increased rate of Na cotransport. Table 10 summarizes values for the rate constants of furosemide-resistant Na and K efflux measured in cells loaded by the PCMBS procedure. This parameter is a good approximation of the passive permeability. The rate constant (hr~') was calculated as the ratio between furosemide-resistant fluxes and the cell cation concentration. No significant differences between red cells of normotensive and hypertensive subjects were observed. The rate constants of Li and K were also estimated in cells loaded for countertransport (table 11) . The rate constant was calculated as the ratio between cation fluxes into Mg medium and the cellular Li and K concentrations. For K, no significant differences were found between the cells of normotensive and hypertensive subjects. In the case of Li, the rate constant increased in red cells from hypertensives as compared to normotensives.
Rate Constants of Furosemide-insensitive Cation Efflux in Red Cells
This result disagrees with the previous observations reported by our laboratory. 2 In our previous study, Li efflux into Mg medium was determined by taking duplicate samples at 20 and 40 minutes, while in the present study, triplicate samples were taken at 30, 60, and 90 minutes. The smaller standard deviation of these flux measurements apparently revealed the differences between normotensive and hypertensive subjects. A further possible explanation for this result could be the presence in this group of a larger number of hypertensive subjects with increased outward Li cotransport. We have recently shown that Li can replace Na in the outward cotransport. 7 Even though the internal Li concentration required for maximal outward Li-K cotransport is high (60 mmoles/liter cells) as compared to the concentration of Li in cells used for assay of countertransport (10 mmoles/liter cells), it is possible that a small contribution to the total outward Li movement into a Mg medium could occur by this pathway, thus leading to a falsely high estimate of passive permeability. This conclusion is supported by the significant correlation (r = 0.65, n = 19, p < 0.005) between the rate constant of Li efflux into Mg medium and the maximal rate of Na-K cotransport in hypertensive patients. Since outward Li-K cotransport is inhibited by furosemide, measurements of Li outward movement in the presence of this inhibitor should settle the point.
Discussion
The main objective of this study was to determine the relation between red cell Li-Na countertransport and Na-K cotransport in normotensive and hypertensive subjects. We confirm our previous observation that Li.-Na,, countertransport is elevated in the red cells of many, but not all, patients with essential hypertension. In the first sample, 90% of the hypertensive patients had countertransport over 0.4 mmole/liter cells x hour, while in the present paper, 77% of these patients were over 0.4% and 91% over 0.35. In subjects with diagnoses of labile and mild hypertension. The incubation medium was the same as that described in the legend to table 10. *p < 0.005. only 33% of the patients had elevated countertransport (table 12) . The maximal rate of outward Na-K cotransport was also increased in many, but not all, of the established hypertensive patients. Even though the range of values of red cell Na-K cotransport in the control and hypertensive groups overlapped, the mean value of red cell Na-K cotransport was significantly higher in the hypertensive than in the normotensive group. It was also found that elevated countertransport correlated significantly with elevated cotransport. The mean value of Na cotransport in normotensive subjects reported in this paper (0.30 ± 0.03) is in agreement with the mean value obtained in 32 normotensive subjects from the Blood Bank (0.38 ± 0.8, ranging from 0.15 to 0.8 mmole/liter cells X hour). Our measurements of elevated Na-K cotransport in patients with essential hypertension were confirmed by simultaneous measurements of net Na extrusion against a Na gradient from cells containing approximately 50 mmoles/liter of Na and K. Similarly, the furosemidesensitive K efflux into 150 mM NaCl medium was significantly increased in the hypertensive patients. Our finding of elevated Na-K cotransport in patients with essential hypertension does not confirm the report of Garay et al. 5 6i ' 4 that there is a reduction in outward Na-K cotransport in hypertensive patients. The contradictory findings may, in part, be accounted for by differences in the methods and, in part, by differences in the red cell transport properties in the different populations of subjects studied.
We have found reduced Na-K cotransport associated with the swelling of Na-loaded cells.
1 " Therefore, the measurements of Na-K cotransport reported in this paper comprise only those red cells that recovered normal volume after the PCMBS-loading procedure. Cell volume was directly determined by measurements of dry weight and wet weight rather than indirectly through measurements of hemoglobin per liter of cells. Since Garay et al. 2 l4 do not report direct measurements of cell volume in their assays of cotransport, it is possible that some of their observations of reduced outward Na cotransport were made on swollen cells undetected as such by hemoglobin measurements. More likely, the differences between our results and those of Garay et al. 3 could be due to differences in the concentrations of Na and K in the red cells used to assay outward cotransport. We have used cells containing (mmoles/liter cells) 50 Na and 60 K, while Garay et al. have used cells containing 20 to 25 Na and 20 to 25 K. Since the concentration of Na required to half-activate the cotransport is about 13 mmoles/liter cells, it is probable that the procedure of Garay et al. detects changes not only in the maximum rate of cotransport but also in the affinity of the system for internal Na. By using a higher internal Na concentration, our method probably measures only the maximal rate of cotransport. Indeed, Garay et al. 15 have recently reported that the affinity for internal Na is reduced in outward cotransport in the red cells of some subjects with essential hypertension.
Another possible explanation for the differences between Paris and Boston is that the populations of patients studied are in fact different. For example, table 12 summarizes measurements of blood pressure and maximum rate of Li-Na countertransport not only in the subjects reported in this paper but also in subjects studied earlier 2 when countertransport but not cotransport was measured. The subjects are considered in four groups; normotensives without and with a family history of hypertension, labile and mild hypertensives, and established hypertensives. Li-Na countertransport was significantly lower in the group of mile and labile hypertensives than in the group of established hypertensives. It is possible that the group of patients studied in our laboratory, in Paris, and in other laboratories in different parts of the world contain varying populations of mild and labile as compared with established hypertensives. Further studies are required to establish whether the simultaneous measurements of countertransport and Na-K cotransport can distinguish between mild and severe forms of essential hypertension.
It is also possible that the different groups of patients studied contain varying subpopulations of essential hypertensives of differing etiologies and differing relations to red cell cation transport. Indeed, Li-Na countertransport has been found to be normal or only slightly increased in a group of hypertensive patients with reduced outward Na transport.
16 l7 This finding indicates that at least two types of abnormalities of red cell Na transport can be found in individuals with essential hypertension: elevated countertransport with elevated cotransport, and normal countertransport with low cotransport.
The positive correlation between the maximum rates of Li-Na countertransport and Na-K cotransport suggests that the two systems are somehow related. However, many kinetic properties of the two pathways are different. 7 For example, the affinity of cotransport for internal Li is lower while its sensitivity to furosemide is much greater than is the case for countertransport. Moreover, the two systems can apparently operate at maximum rates simultaneously. Further research is necessary to clarify the relationship between these two systems.
